Growth of InP self-assembled quantum dots on strained and strain-relaxed In x ( Al 0.6 Ga 0.4 ) 1 x P matrices by metal-organic chemical vapor deposition J. Appl. Phys. 100, 043511 (2006) Plan-view and cross-sectional transmission electron microscopy have been used for a detailed study of the defects formed in capped InAs/ GaAs quantum dot ͑QD͒ samples. Three main types of defects, V-shaped defects, single stacking faults, and stacking fault pyramids, were found to form under growth conditions that led to either very large, indium enriched, or coalesced islands. All three types of defects originate at the buried quantum dot layer and then travel through the GaAs cap to the surface on the ͕111͖ planes. The V-shaped defects were the most common and typically consisted of two pairs of closely spaced 60°Shockley partials with a ͗211͘ line direction. The two pairs originate together at the buried QD layer and then travel in "opposite" directions on different ͕111͖ planes. The second type of defect is the single stacking fault which consists of a single pair of partial dislocations separated by an Ϸ50 nm wide stacking fault. Finally, both complete and incomplete stacking fault pyramids were observed. In the case of the complete stacking fault pyramid the bounding dislocations along the ͓110͔, ͓110͔, ͓101͔, and ͓101͔ directions were identified as stair rods. A possible mechanism for the stacking fault pyramid formation, which can also account for the creation of incomplete stacking fault pyramids, is presented.
I. INTRODUCTION
The self-assembled growth of quantum dots ͑QDs͒ via the Stranski-Krastanow growth mode has attracted great interest due to its potential for improved optoelectronic devices. In the Stranski-Krastanow mode, strain accumulation due to lattice mismatch drives the formation of threedimensional ͑3D͒ islands after a certain planar critical thickness is reached. For InAs/ GaAs where the lattice mismatch is high ͑Ϸ7.2% ͒, coherent-/defect-free islands begin to form after only Ϸ1.7 ML ͑monolayer͒ of InAs. However, if the growth parameters are not controlled tightly, and the islands allowed to grow too large or coalesce, the same strain that drives island formation also leads to defect nucleation. Such defects need to be avoided in order to achieve reliable high performance devices. This is particularly an issue for growth of InAs/ GaAs QDs by metal organic chemical vapor deposition ͑MOCVD͒, where there is an increased tendency for the islands to coalesce.
The elastic strain relaxation and defect generation are very different in the case of epitaxial growth via island nucleation. Dislocations tend to nucleate at the island edges which are areas of higher strain and at the overlapped region between two coalesced islands, [1] [2] [3] and can then thread through to the surface. This means that the arrays of orthogonal interfacial dislocations which are typical of twodimensional ͑2D͒ growth do not tend to form and are instead replaced by a number of interesting defect structures. For example, Chu et al. 4 report on pyramidal dislocation tangles formed due to activation of the four ͕111͖ planes above interfacial misfit particles with a number of dislocations threading to the surface. Grown in stacking fault structures such as double triangular stacking fault pairs, stacking fault pyramids and trapezoids, originating close to the interface, have been reported by many groups for ZnSe grown on GaAs and were attributed to a combination of the starting surface reconstruction and island formation during the initial stages of growth. [5] [6] [7] [8] While there have been quite a few studies of defects formed in freestanding, uncapped QDs grown in the Stranski-Krastanow growth mode, 1,2,9,10 there seems to be relatively few studies of the defects generated during capping of the QDs. [11] [12] [13] However, for most device applications, these islands must be capped with a material of wider band gap ͑e.g., a GaAs cap in the case of InAs/ GaAs QDs͒ in order to achieve the beneficial 3D confinement effects. During an extensive study of the various growth parameters 14 on InAs/ GaAs QD nucleation, three main defect types were observed under certain growth conditions. These defects thread through the GaAs capping layer and are similar to those reported by Ueda et al. 11 In this paper we present a detailed transmission electron microscopy ͑TEM͒ analysis of these defects and their possible formation mechanisms.
II. EXPERIMENT
The InAs/ GaAs QD samples were grown on ͑100͒ semiinsulating ͑SI͒ GaAs by low-pressure ͑100 mbar͒ MOCVD. The basic structure is shown in Fig. 1 and consists of both a buried QD layer and a layer of QDs on the surface. In this paper we concentrate on one sample in which the InAs QDs were deposited onto a very thin In 0.15 Ga 0.85 As buffer layer. We found that the use of an InGaAs buffer layer led to increased defect densities, possibly due to indium segregation from the InGaAs layer to the islands, leading to indium enriched islands. 15 The islands were formed by depositing nominally 1.5 ML of InAs at a rate of 0.5 ML/ s and using a V/III ratio of 40. This InAs coverage gave the optimum QD photoluminescence intensity. It should be noted that the same defects but at much lower concentrations were also observed under certain growth conditions for InAs QDs deposited directly onto GaAs ͑i.e., with no In 0.15 Ga 0.85 As buffer layer͒. Further details of the growth conditions can be found elsewhere. [14] [15] [16] The buried QDs were studied extensively using both plan-view and cross-sectional TEM. The surface QDs were etched away prior to plan-view TEM sample preparation, leaving only the buried QDs for imaging. The plan-view TEM samples were prepared by mechanically polishing the samples to 150 m followed by dimpling to a thickness of 40 m and chemically etching with H 2 SO 4 :H 2 O 2 :H 2 O ͑3:1:1͒. Some of the micrographs in this paper were taken in very thin regions of the foil, where the chemical etch has also removed the buried QD layer, leaving only the "upper" regions of the capping layer for imaging. Samples for crosssectional TEM were prepared by gluing together two pieces cleaved from the wafer along one of the ͕011͖ planes. These were then mechanically polished followed by Ar ion beam thinning to electron transparency. The TEM analysis was carried out using a Philips CM 300 electron microscope instrument operated at 200 kV. For our TEM investigations, the wafer normal is defined as the ͓100͔ direction, thus defining the plan-view foil normal as close to the ͓100͔ direction and the cross-sectional foil normal as close to one of the two ͗011͘ directions. Detailed diffraction contrast analysis of the three predominant defects was performed to understand their character. The defects were imaged with both g and reverse g using a g͑Ͼ3g͒ always with positive deviation. The Burgers vector of the individual defects was determined using the invisibility criteria of g · b = 0 and g · ͑b ϫ u͒ ഛ 0.64. 17 True invisibility is defined when the defect is invisible in both +g and −g images.
III. RESULTS
High defect densities were observed for QD samples grown under conditions that led to either ͑a͒ larger QDs, ͑b͒ the coalescence of QDs, or ͑c͒ indium enriched QDs. Figure   2 is a plan-view TEM micrograph of the sample studied in detail, in which the InAs QDs were deposited onto a thin In 0.15 Ga 0.85 As buffer layer, leading to indium enriched islands. 15 A high defect density of Ϸ1 ϫ 10 8 cm −2 is clearly present. The observed defects can be categorized into three main defect structures, namely, ͑a͒ V-shaped defects, ͑b͒ single stacking faults, and ͑c͒ stacking fault pyramids. Each of these defects is discussed in detail in the following.
A. V-shaped defect
The V-shaped defects were most common. For the sample studied in detail here, the V-shaped defect comprised Ϸ90% of the total defects. Figures 3͑a͒ and 3͑b͒ show ͑100͒ plan-view and ͑011͒ cross-sectional TEM images of a single V-shaped defect, respectively. As its name suggests, the defect forms a V shape when observed in cross section. It typically consists of two pairs of dissociated dislocations which originate at the buried QD layer and then travel in opposite directions, on different ͕111͖ planes through the GaAs capping layer to the surface. Defects with only one pair of dissociated dislocations ͑i.e., only one-half of the V-shaped defect͒ were also occasionally observed. Figure 3͑c͒ shows a rare example of a defect where only the left side dislocation has dissociated into two partials. From plan-view images, the distance between the closely spaced dislocations is estimated to be 7 ± 2 nm which is in reasonable agreement with that determined by others for dissociated edge dislocations in GaAs.
18 Figure 2 shows the V-shaped defects to have projections close to the ͓011͔ and ͓011͔ directions when observed in ͑100͒ plan view. Therefore, the defects must lie close to the ͗211͘ line directions. It is also clear that the V-shaped defects show a preferred alignment along one of the ͓011͔ and ͓011͔ directions. In this study, the crystal polarity was not determined so for simplicity the direction of preferred alignment is defined as the ͓011͔ direction. This means, for instance, that in the case of a V-shaped defect with a projection along the ͓011͔ direction, the left side dislocations travel on the ͑111͒ plane close to the ͓211͔ direction and the right side dislocations travel on the ͑111͒ plane close to the ͓211͔ direction.
We suspect that the preferential orientation is related to the asymmetry that exists in the GaAs zinc-blende structure and/or the type of surface reconstruction ͑as has been proposed to explain the asymmetry of defects in the ZnSe/ GaAs system 6 ͒. It also seems well established that defects are symmetrically injected near either end of the growing island 2, 9 which may explain the symmetric nature of the V-shaped defects with two pairs of dislocations traveling in opposite directions from the buried QD layer.
To determine the total Burgers vector b T , one of the V-shaped defects was imaged using two beam bright field conditions and different operating g's. Figure 4 shows selected images taken using the g = 022 and 022 reflections. The appearance of this defect is slightly different to the one shown in Fig. 3 because it is in a very thin area of the sample foil where the buried QD layer has been etched away. Therefore its middle section is missing, leaving only the segments of each dislocation pair that are located through the upper part of the GaAs capping layer. For g = 022 and its reverse g =022, strong contrast is observed ͓Figs. 4͑a͒ and 4͑b͔͒ although it is not possible to discern each partial dislocation. In comparison, no contrast or very diffuse contrast is observed for the g =022 and g = 022 imaging vectors, respectively ͓Figs. 4͑c͒ and 4͑d͔͒. This contrast is consistent with a total Burgers vector b T = ±͓011͔ ͑an edge dislocation͒. This can be verified with reference to Table I which Weak beam analysis was also performed on the same V-shaped defect to determine the character of each partial of the extended dislocations. Figure 5 shows weak beam images of the same V-shaped defect under different operating g's.
The dissociation into two partials is clearly seen due to the much narrower image contrast. For g = 022, 020, and 002, both partial dislocations show strong contrast and contrast reversal under −g imaging ͓see Figs. 5͑a͒ and 5͑b͒ as an example͔. Based on this weak beam imaging and the previous bright field analysis, the partial dislocations of the extended defects must have Burgers vectors that meet the following criteria: ͑1͒ the partials must be visible for the g = 022, 020, and 002 reflections and ͑2͒ the sum of the partial dislocations must add to give a total Burgers vector b T = ±͓011͔. These two conditions are satisfied by the 1 6 ͗121͘ Burgers vectors. This can be verified with reference to Table  I . For example, considering the dislocation pair traveling to the right on the ͑111͒ plane, the clear visibility of both partial dislocations for g = 022 eliminates the ± 1 6 ͓211͔ Burgers vector. We therefore attribute the ± eling to the left on the ͑111͒ plane with a ͓211͔ line direction gives partial dislocations with Burgers vectors ± 1 6 ͓121͔ and ± 1 6 ͓112͔.
Up to now we have ignored the g = ± 022 weak beam image shown in Fig. 5͑c͒ . The weak beam contrast observed for this reflection is not as easily interpreted and does not show a clear separation of the partial dislocations under either g or −g imaging. It is therefore not obvious if it corresponds to two indistinguishable partials and/or to a stacking fault. However, according to our above Burgers vector assignments, the partials should be visible under this reflection. For the g = 022 reflection, g · b T = 0 for the extended defect, and may cause the ambiguous weak beam contrast.
B. Single stacking faults
The second type of defect is shown in Fig. 6͑a͒ and was only ever observed in the direction orthogonal to that preferred by the V-shaped defects. It was extremely rare, comprising only 2% of the defects for the sample reported here. 19 Again it consists of a dissociated pair of dislocations; however, these are spaced further apart ͑Ϸ50 nm͒ with a stacking fault in between. One striking feature of the single stacking faults is that they often originated from very large relaxed islands which exhibited clear moiré fringes, as seen in Fig.  6͑a͒ .
Figures 6͑b͒-6͑e͒ show a series of weak beam images of a similar defect using different g's. This defect is again in a very thin region of the foil where the buried QD layer has been etched away. However, trace analysis of this defect shows that it has a ͑111͒ habit plane and a ͓211͔ line direction. The bounding dislocations are visible in all four reflections while the stacking fault fringes are visible for all reflections except for g = ± 022. According to the g · b = 0 criterion, the diffraction contrast is consistent with Shockley-type bounding dislocations with b = ± 1 6 ͓112͔ and ± 1 6 ͓121͔ and can be confirmed with reference to Table I. There are four possible combinations of Burgers vectors that the two dislocation partials may have with respect to each other: ͑a͒ the same Burgers vector, ͑b͒ opposite Burgers vector dipoles, ͑c͒ two types of Burgers vectors ͑e.g., b 1 = . The change in separation of the two partials with g and −g imaging ͑i.e., inside/outside contrast͒ can give an indication of the sign of the Burgers vector of the defect. 17 We note that the two par- tials show a change in separation when imaged using g = ± 022 , ± 020, ± 002, but no change in the separation when imaged using g = ± 022. This inside/outside contrast can only be explained for all g reflections by the combination ͑d͒ where the Burgers vector of the individual Shockley partials add up to an edge dislocation with b T = ± 1 2 ͓011͔. Surprisingly this is identical to that determined for the V-shaped defects which were also occasionally observed aligned in the same ͓011͔ orientation as the single stacking faults, yet the two types of defects show very different spacing between the bounding partial dislocations. The larger relaxed islands from which the single stacking faults originate may be connected with their larger stacking fault area.
Another possibility is the Frank Burgers vector, b = ± 1 3 ͓111͔. However, while this satisfies the visibility criteria, 20 it cannot explain the inside/outside contrast observed for g = ±͓022͔.
C. Stacking fault pyramids
Both complete stacking fault pyramids ͓see Fig. 7͑a͔͒ and incomplete stacking fault pyramids ͑see Fig. 10͒ were observed and comprised Ϸ8% of the total defects. They consist of ͕111͖ stacking faults which originate at the buried QD layer and then travel through the GaAs capping layer to intersect the sample surface in a square along the ͓011͔ and ͓011͔ directions. Figure 8͑a͒ shows a three-dimensional schematic of a stacking fault pyramid while Fig. 8͑b͒ shows the important crystallographic directions as projected on the ͑100͒ plane.
Weak beam images of a complete stacking fault pyramid using different diffraction vectors are shown in Fig. 7 . In some cases, the dislocations showed strong contrast under g but little or no contrast under the reverse g. For example, dislocation 1 disappears in Fig. 7͑b͒ for g =022 but is clearly visible in Fig. 7͑c͒ for g = 022. True invisibility is defined when the defects are not observed for both ±g and therefore these dislocations are assumed to be visible. Using this criterion, the bounding dislocations ͓labeled 1 and 3 in Fig.  7͑a͔͒ along the ͓110͔ and ͓110͔ directions are visible when imaged using all the g reflections except for g = ± 020, while the bounding dislocations ͑labeled 2 and 4͒ along the ͓101͔ and ͓101͔ directions are visible for all imaging g except for g = ± 002. In order to satisfy both the g · b and g · ͑b ϫ u͒ criteria, dislocations 1 and 3 have only three possible Burgers vectors, namely, ± ͓310͔. This can be confirmed for the third and fourth dislocations with reference to Table  II . Similar stacking fault pyramids have been observed in the ZnSe/ GaAs system where the bounding dislocations were also identified as stair-rod type. 5 Clear extinction of the stacking faults is also observed in Figs. 7͑b͒-7͑d͒. The stacking fault constrast on the ͑111͒ and ͑111͒ planes disappears for a g =022 imaging vector, while the orthogonal imaging vector, g = 022, leads to extinction of the stacking fault contrast on the ͑111͒ and ͑111͒ planes. However, this stacking fault contrast cannot distinguish between a Frank or Shockley partial ͑see Table I͒. Due to the   FIG. 6 . Plan-view TEM images of the second type of defect. ͑a͒ is a ͓100͔ on-axis bright field image. Due to the rarity of this defect, image ͑a͒ is taken from a second sample in which the QDs were deposited directly onto GaAs ͑no InGaAs buffer layer͒ with a deposition rate of 0.25 ML/ s and a coverage of 2 ML. All other growth conditions are identical to those described in the Experiment section. For this sample more of the capping layer was etched prior to TEM sample preparation making the defect appear shorter. ͑b͒-͑e͒ are weak beam images taken under different imaging g conditions. The defect shown in ͑b͒-͑e͒ is in a thin region of the foil where the QD layer has been etched away.
FIG. 7. Plan-view TEM images of a complete stacking fault pyramid. ͑a͒ ͓100͔ on-axis bright field image. ͓͑b͒-͑f͔͒ weak beam images under different imaging g conditions. bounding stair-rod dislocations, the stacking fault is more likely to be of a Shockley nature. However, further studies and two beam dark field images are needed to determine its nature.
IV. DISCUSSION
In the following we propose a model in which both complete and incomplete stacking fault pyramids form via the interaction of four pairs of partial dislocations. All four pairs of dislocations originate from the same point in the buried quantum dot layer and glide on different ͕111͖ planes through the GaAs cap, leading to a crosslike configuration in ͑100͒ plan view ͓see Fig. 9͑a͔͒ . It can be imagined that two orthogonal V-shaped defects originate from the same spot. The model relies on the fact that certain pairs of Shockley partials are attractive and react favorably to form lower energy stair-rod dislocations. 21 We assume that the four partial dislocation pairs split apart and combine with the partials of adjacent dislocations to form stair-rod dislocations along the ͓101͔, ͓110͔, ͓101͔, and ͓110͔ directions. As the partial dislocations glide further apart, large triangular shaped stacking faults are created, leading to the stacking fault pyramid defect.
The model can be better understood with an example. Figures 9͑a͒ and 9͑b͒ show a possible scenario which leads to the formation of a complete stacking fault pyramid. Each partial dislocation has been identified with a . ͑2͒
The b = 1 6 ͗002͘ stair-rod dislocation is also one of the possible Burgers vectors determined from our diffraction analysis of the stacking fault pyramid.
The model is also able to account for incomplete stacking fault pyramids. These form when the arrangement of the Shockley partials makes it energetically unfavorable for some of the pairs to split apart and interact. The exact configuration of the incomplete pyramid depends on the initial arrangement of the Shockley partials. Figures 9͑c͒ and 9͑d͒ illustrate a second scenario which leads to the formation of an incomplete pyramid which closely resembles the one shown in Fig. 10͑a͒ . The main difference between this scenario and the previous one is that the two dissociated partial dislocations on the ͑111͒ plane have been reversed. This means that the dissociated partials on adjacent ͕111͖ planes in the lower part of the pyramid figure are now repulsive. In this case, the dissociated dislocation pair traveling along the ͓211͔ direction on the ͑111͒ plane remains unchanged and stair-rod formation is only favorable along the ͓101͔ and ͓110͔ directions. This leaves a single unreacted partial dislocation on each of the ͑111͒ and ͑111͒ planes. These two unreacted dislocations are expected to remain close to the stair-rod dislocations in order to minimize the energy associated with the stacking fault. This is further supported by evidence of stacking fault fringes between two dislocations bounding the edge of the incomplete pyramid, as shown in Fig. 10͑b͒ . Clearly this model accounts well for both complete and incomplete stacking fault pyramid formations.
This model also seems to be in agreement with the TEM analysis of Ref. 5 in which similar incomplete stacking fault pyramids were observed for the ZnSe/ GaAs system. Their analysis of an incomplete pyramid identified the closed boundaries as stair-rod dislocations and the open boundaries as 30°Shockley partials, in agreement with our model. It is also worth noting that the incomplete stacking fault pyramids in Ref. 5 have a slightly different configuration to ours due to a preference for the Shockley partial pairs to separate and travel along the ͗101͘ directions, revealing triangular stacking faults in between them. This leads, for example, to opposing pairs of triangular stacking faults instead of our V-shaped defects. This difference is likely due to the larger GaAs stacking fault energy compared to ZnSe ͑45± 7 vs 13± 1 mJ/ m 2 ͒ ͑Ref. 23͒ as well as the thicker capping layer used by us. 24 FIG. 9. Possible formation mechanism of ͓͑a͒ and ͑b͔͒ a complete stacking fault pyramid and ͓͑c͒ and ͑d͔͒ an incomplete stacking fault pyramid.
V. CONCLUSIONS
Both plan-view and cross-sectional transmission electron microscopy have been used to study the main defects formed during self-assembled growth and capping of InAs/ GaAs QDs. Three main defect types were identified, namely, V-shaped defects, single stacking faults, and stacking fault pyramids. The V-shaped defects were by far the most common comprising 90% of the total defects. They were identified to consist of pairs of 60°Shockley partials originating from an edge-type dislocation. The type of bounding partials for the single stacking faults is not as clear. An initial analysis seems to suggest that they also consist of 60°Shockley partials. However, the wider separation of the partials and increased stacking fault area are suprising and may be related to the very large relaxed islands from which they often originated. Both complete and incomplete stacking fault pyramids were observed. In the case of the complete stacking fault pyramid, the bounding dislocations along the ͓110͔, ͓110͔, ͓101͔, and ͓101͔ directions were identified as stair rods. A possible mechanism for the stacking fault pyramid formation, which can also account for the creation of incomplete stacking fault pyramids, was also presented.
